A case study of a magnetohydrodynamic (MHD) wave in the solar wind that is strongly correlated with a magnetospheric field line resonance observed by the SuperDARN (Super Dual Auroral Radar Network) radar at Sanae, Antarctica is presented. The data from the ACE (Advanced Composition Explorer) satellite at the solar libration point are analysed. The data time series are bandpass filtered at the pulsation frequency and the analytic signal deduced. From these data the partition of energy between the field components is computed. It is shown that energy is equally partitioned between the kinetic energy and transverse magnetic potential energy densities. The energy flux vector is closely aligned with the background magnetic field. The transverse magnetic and velocity components are in antiphase. This is the first identification of the triggering wave as a transverse Alfvén wave which originates upstream from the space craft and is propagated to the magnetosphere to trigger the pulsation.
Introduction
In previous work Walker, 2002, 2010) , we showed strong correlation between field line resonances observed by the Sanae SuperDARN (Super Dual Auroral Radar Network) radar in Antarctica (Walker, 2002) and oscillations in the solar wind at the same frequency. Other authors have obtained similar results (see references cited by Stephenson and Walker, 2010) . The modelling studies of Ghosh et al. (2009) show how such coherent waves can coexist with turbulence. Most studies of such waves have focused on spectral analysis. We are not aware of any studies that attempt to identify the waves by a detailed investigation of the relationships between their field components.
In this paper we introduce a new analysis technique for such waves and apply it to a case study of a solar wind oscillation that has been correlated with a field line resonance. We believe that this is the first study presenting unambiguous evidence that a transverse Alfvén wave, propagated parallel to the magnetic field in the solar wind rest frame and originating from a region upstream of the solar libration point, excited a field line resonance observed within the magnetosphere.
The event of 7 June 2000
Stephenson and Walker (2010) have previously reported on a number of solar wind events that are correlated with radar field line resonances. One of these was the event of 7 June 2000. Figure 1 shows the magnitude-squared coherence of ACE V x and Sanae Doppler velocity at the resonance, delayed by 57 min, the time for the signal to propagate from spacecraft to ionosphere. The peak at 2.1 mHz is significant at the 97 % confidence level. There was also phase coherence between the signals, and there was correlation with data from the Wind satellite, located elsewhere in the solar wind. Similar behaviour was seen in several other events. The evidence strongly indicated that the solar wind oscillation was triggering the pulsation at the same frequency.
In this paper we focus attention on the nature of the 2.1 mHz solar wind oscillations at the solar libration point using ACE data. 
Some theoretical results
Near β = 1, three magnetohydromagnetic waves can exist; the fast and slow magnetosonic waves and the transverse Alfvén wave (Walker, 2005 , chapter 7). The magnetosonic wave disturbances have important contributions from the plasma and magnetic field pressure: the transverse Alfvén wave is incompressible. The fast wave is not highly anisotropic, but energy in the slow wave is propagated approximately along the magnetic field. Alfvén wave energy is propagated exactly along the magnetic field for all wave normal directions.
The transverse Alfvén wave is incompressible with p = 0 and is polarized with b and v in antiphase and perpendicular to the plane containing B and k. The magnetosonic waves are compressible with non-zero p and a parallel component of b. The perturbations b and v lie in the plane containing B and k.
In a stationary medium the wave energy density is
and the wave flux vector in the plasma rest frame is
and it can be shown that the flux vector represents the energy density being transported at the group velocity V G so that
(e.g. Walker, 2005).
In the solar wind the wave flux is
V is large enough for the second term to dominate. There is equipartition of energy between the kinetic energy density and potential energy density in the wave (Walker, 2014) so that, in general,
In the case of the transverse Alfvén wave, p = 0.
Analysis of data for the event of 7 June 2000
The data set consists of time series of solar wind magnetic field B, velocity V , proton number density N H , and proton temperature T H measured at ACE. From N H and T H the pressure and mass density of the hydrogen plasma can be deduced. All data have been interpolated and resampled to give a common sampling rate of 64 s, the same as that of the radar. The time series are 18 h long, starting at 01:31 on 7 June. All Fourier analysis is done using the multiple-taper method (MTM) (Thomson, 1982) . This allows objective error analyses. The multiple tapers do not sacrifice data as does a single window and the method provides the best trade-off between variance and bias. The background is estimated by taking a 58.7 min (55 samples) boxcar average of the data. The periods of the disturbances of interest are about 8 min. Throughout the period β > 1, the Alfvén speed is close to 60 km s −1 and the sound speed varies from 40 to 60 km s −1 . These speeds are small compared with the typical solar wind speed of about 400 km s −1 .
The fields show perturbations on all timescales. There are two major peaks near 2.1 and 2.5 mHz, where there was strong correlation with the field line resonance event observed by the radar. Throughout the 18 h period of observation there is ULF (ultra low frequency) activity. Much of this is noise or weak turbulence.
We analyse the disturbance at the 2.1 mHz peak. The mass density time series is found from N H using the proton mass. This is likely to be an underestimate as it ignores the possible presence of a small population of helium ions. The proton pressure is estimated from T H , and this is assumed to be half the total pressure, the balance arising from electrons. The spectra of the time series for P , ρ, and the cartesian components of B and V have been bandpass filtered with a filter of width 0.168 mHz centred on the 2.1 mHz peak. The analytic signal in the time domain, found from complex demodulation, has then been calculated for each wave variable as described by Stephenson and Walker (2010) .
The analytic signal is a complex time series whose real part is the actual filtered data series. wave and its phase is the instantaneous phase. We can use the amplitude to calculate the contribution of each field component to the internal energy of the wave. It is convenient to use the components of the wave magnetic field perturbation and velocity perpendicular and parallel to the background magnetic field B so
with similar expressions for v. Then Eq. (1) may be written Figure 2 shows the wave energy density as well as each contribution to its magnitude. The rms amplitudes of each component are used. It is clear that there is a large rise in wave activity during the period 8-12 h after the start of the event. There is a second peak in activity between 13 and 16 h. First, consider the period from 0 to 8 h. If we examine the contributions to the energy density during this period they all have the same order of magnitude except for the thermal pressure, which is negligible. Each varies independently with time. We conclude that during this period the wave activity was simply ULF noise and the value of U is a measure of the noise level. If we now examine the peak between 8 and 12 h, we see that it arises entirely from an increase in the energy associated with the velocity and magnetic field perturbations transverse to the background magnetic field. Further, the peaks in these two quantities are close to identical while the other contributions to the total wave energy continue with their noise-like behaviour. This behaviour is less clear during the second peak in wave activity between 13 and 16 h. This peak has a smaller signal-to-noise ratio. The major contributions to the energy density still come from the transverse perturbations but the equipartition of energy is not clear. We now transfer our attention to the energy flux in the local solar wind rest frame. The data are transformed into a local coordinate system {x , y , z } that varies slowly in time. In this system the z axis is aligned with the magnetic field, the x axis is perpendicular to this in the plane defined by the GSM x axis, and the y axis completes the right-hand set. Let (x,ŷ,ẑ) and (x ,ŷ ,ẑ ) be unit vectors in the direction of the GSM and local axes respectively. Then
x =ŷ ×ẑ ,
where θ is the angle between B 0 andx. Figure 3 shows the magnitude of the flux vector in the rest frame found from Eq. (2). Also shown is the parallel component of the flux vector and the three GSM components of the transverse component of the flux vector. During the period 8-12 h from the start of the event, it is clear that the transverse component of the flux vector is negligible and that the flux vector is determined only by a component parallel to the magnetic field. The wave is propagated exactly along the magnetic field. As this background field changes, the flux vector remains aligned with it, as discussed by Walker (2014). Next, we look at the dominant field components b ⊥ and v ⊥ . The intensities of their GSM coordinates are shown in Fig. 4 . We see that the behaviour of each quantity mirrors that of the other. They are clearly collinear. During the first intensification of wave activity, the direction of polarization rotates from y to z to x directions in the GSM coordinates. This is because the direction of the background field is changing and the wave direction follows it. During the second intensification, the y component dominates.
Consider the ratio b ⊥ / √ µ 0 ρ 0 v ⊥ . This can be calculated from the real part of the analytic signal for each component. Each component varies quasi-sinusoidally so that the phase of this ratio is the phase difference between the two components. Figure 5 show the phase and amplitude of each GSM component of this quantity. During both peaks of wave activity, the phase difference between each component of b ⊥ and v ⊥ is close to 180 • . During the first peak, the amplitude of the ratio is approximately unity. This is not the case for the second peak. It should be noted, however, that the amplitude of the disturbance is smaller during the second interval and the background noise makes a significant contribution to the value. During the first interval, we can deduce that the wave components obey the equipartition relation (Eq. 5), with p = 0 as for a transverse Alfvén wave, and they are in antiphase as expected.
Conclusions
The analysis in the previous section leads immediately to the following conclusions about the wave activity in the interval 09:31 to 14:01 UT on 7 June 2000 (8 to 12 h after the start of the event):
-The dominant field perturbations in the wave are the magnetic field and velocity perturbations normal to the ambient magnetic field.
-The wave energy flux vector in the plasma rest frame is parallel to the ambient magnetic field. The wave originates upstream from the solar libration point.
-The transverse components of the magnetic field and velocity are collinear and in antiphase.
-The ratio of the magnitudes of these components is consistent with the theoretical value for a transverse Alfvén wave All these features are typical of a transverse Alfvén wave. The results are less clear for the second interval from 15:01 to 17:31 but this event is buried deeper in the noise. As determined by Stephenson and Walker (2010) , these waves were strongly correlated with a field line resonance observed by the Sanae HF (high-frequency) radar 57 min later. We conclude that during the first interval a transverse Alfvén wave was propagated in the solar wind, travelling downstream past the solar libration point. When it reached the interior of the magnetosphere, it excited a field line resonance at the same frequency. During the second interval a similar process took place, but because it was a weaker event the nature of the MHD (magnetohydrodynamic) wave in the solar wind is less certain.
